ABSTRACT To explore the relationship between spiders and insects in agroecosytems, we ran two laboratory experiments to determine if pest insects reduced their foraging activity in the presence of spiders or cues left by spiders. First, we quantiÞed the damage to soybean leaves [Glycine max L. (Merrill); Fabaceae] caused by Japanese beetles [Coleoptera; Scarabeidae; Popilliae japonica (Newman)] and Mexican bean beetles [Coleoptera; Coccinellidae; Epilachna varivestis (Mulsant)] in the presence of either the tangle weaver, Achaearanea tepidariorum (C.L. Koch) (Araneae; Theridiidae), or the orb weaver, Arigope trifasciata (Forskal) (Araneae; Araneidae). Although most beetles survived, they consumed less of the soybean leaf than the beetles in control containers with no spiders. In a second experiment, we attempted to determine if Japanese beetles responded to the cues (e.g., silk draglines and feces) left by three species of wolf spider [Araneae; Lycosidae: Pardosa milvina Hentz, Rabidosa rabida Walckenaer, and Hogna helluo (Walckenaer)] that differed in size and therefore in the risk they posed to the beetle. Wolf spiders were allowed to deposit cues in a container with a soybean leaf for 24 h. The spider was then removed, and a Japanese beetle was allowed to forage for an additional 24 h. Plant biomass was positively affected by cues from all three wolf spider species, but the strongest foraging response of the beetle occurred in the presence of cues from the largest wolf spider species. These results demonstrate that spiders can have an effect on plant production even if they do not consume herbivores directly, which can have important implications for biological control programs.
ANTIPREDATOR BEHAVIOR MAY cause prey to occupy areas less frequented by predators or to avoid behaviors that attract the attention of predators (Lima and Dill 1990, Lima 1998) . In these situations, the presence of the predator might cause the herbivore to forage less or consume different resources, and in this way, increase plant production without consuming herbivores (Abrams et al. 1996 , Snyder and Wise 2000 , Schmitz and Suttle 2001 , Williams et al. 2001 , Schmitz and Sokol-Hessner 2002 . Although multiple sensory modalities surely are important in predator detection, a large number of arthropods use chemical cues to identify predators and react by adjusting their behavior, natural history, and even morphology to reduce risk (Hoffmeister and Roitberg 1997 , Grostal and Dicke 1999 , Dicke and Grostal 2001 . Thus, some of effects of predators in food webs could be caused by changes in the foraging behavior of herbivores in response to chemical cues from predators.
Spiders are ubiquitous generalist predators in nearly every terrestrial environment, and it has been demonstrated that they can impact plant production without killing the herbivores , Snyder and Wise 2000 , Schmitz and Suttle 2001 , Williams et al. 2001 , Schmitz and Sokol-Hessner 2002 . Although the use of visual and vibratory information by spiders in prey capture is widely accepted, chemical cues are also an important component in the interaction among spider species and between spiders and their prey (Persons and Uetz 1996 , Punzo and Kukoyi 1997 , Persons and Rypstra 2000 , Hoeßer et al. 2002 . It remains to be seen if and how these cues might mediate the interactions between spiders and herbivores.
Here we report the results of laboratory studies of the nonlethal effects of Þve different spider species on herbivory. In one experiment, we quantiÞed the damage inßicted to soybean leaves [Glycine max (Merrill) Fabaceae] by two pest species in the presence of web spiders representing two different foraging guilds. Because the spiders were present throughout the study, the herbivore had access to visual, vibratory, and chemical cues from their potential predator. Because we found that both spiders had an effect on herbivory by both beetles, we designed a second experiment to explore the role of indirect cues left by spiders on beetle consumption. Soybean consumption by a single pest species was quantiÞed only in the presence che-motactile cues (putatively silk draglines, and feces) from each of three different species of wolf spider (Lycosidae).
Materials and Methods
Study Species. We investigated the potential for spiders to exert an indirect effect on herbivores common in soybean agroecosystems [G. max L. (Merrill) ]. Soybeans were selected because they are a common crop grown in southwest Ohio, and it has been shown that small differences in spider abundance can impact the leaf damage they experience (Carter and Rypstra 1995) . The herbivores selected were adult Japanese beetles [Coleoptera; Scarabeidae; Popilliae japonica (Newman)] and Mexican bean beetles [Coleoptera; Coccinellidae; Epilachna varivestis (Mulsant)]. These species are among the most destructive plant-feeding insects in the United States (Way 1994, Potter and Held 2002) . Adults of both species are generalist herbivores (Way 1994, Potter and Held 2002) , which suggests that any effects we observe in soybeans may be extended to other plant species.
The impact of two web-building spiders, Achaearanea tepidariorum (C.L. Koch) (Araneae; Theridiidae) and Arigope trifasciata (Forskal) (Araneae; Araneidae), on soybean consumption by both Mexican bean beetles and Japanese beetles was quantiÞed. Ach. tepidariorum build a semipermanent tangle of webbing usually associated with buildings but also regularly found in gardens and agricultural Þelds (Young and Edwards 1990, Carter and Rypstra 1995) . Arg. trifasciata with its planar orb web is a common feature in the gardens and agricultural Þelds of the eastern United States. We selected these species because they are large (adult females, 100 Ð200 mg), are common, and have been observed to prey on both beetle species in the Þeld.
The impact of chemotactile cues from three species of wolf spiders (Araneae: Lycosidae) on soybean consumption by Japanese beetles was also examined. The wolf spiders selected are all common in and around soybean agroecosystems throughout eastern North America (Young and Edwards 1990, Marshall and Rypstra 1999) . We selected species that differed in size, and therefore the likelihood that they could subdue an adult Japanese beetle, Pardosa milvina Hentz, the smallest of the species tested (adult females, 10 Ð 40 mg), is the most common spider on the soil surface in soybean agroecosystems, with average densities of 10/m 2 Rypstra 1999, Marshall et al. 2000) . The largest of the species tested, Hogna helluo (Walckenaer) (adult females, 300 Ð 800 mg), is also commonly associated with plant debris on the soil surface of agricultural Þelds with typical densities of 1/m 2 Rypstra 1999, Marshall et al. 2000) . This species is the only one of the three wolf spiders that we have observed consuming adult Japanese beetles. Rabidosa rabida (adult females, 200 Ð 400 mg) is intermediate in size and is more likely to be found low in the vegetation in and around old Þelds and agroecosystems , Williams et al. 2001 ).
Animal Collection and Maintenance. Spiders and beetles were collected from buildings and adjacent habitats, in and around soybean Þelds, at Miami UniversityÕs Ecology Research Center (ERC), 2.5 km northeast of Oxford, Butler County, OH. The web spiders were maintained in cylindrical translucent containers 11 cm high and 7.5 cm in diameter with three sticks to provide substrate for web construction. A vial containing water and a cotton wick provided moisture. Spiders were moved to new containers, of the same size and conÞguration, during experiments. The wolf spiders were held in small cups 8 cm in diameter and 5 cm high, with 1 cm of moist peat moss covering the bottom. When not used in experimentation, spiders were fed on a diet of crickets and/or houseßies at least once each week. Before experimentation, all spiders were fed to satiation, starved for 24 h to standardize for hunger, and then moved to a new container of the same dimensions. Both beetle species were maintained in translucent plastic cylindrical containers, 8 cm in diameter and 5 cm high, with a layer of moist soil on the bottom. When not used in experiments, a fresh soybean leaßet collected from Þelds at the ERC was provided as a food source. The leaf was removed from the containers with beetles 24 h before experimentation to standardize hunger levels. At all times, the spiders, beetles, and leaves were held in environmental chamber at 25ЊC on a 13:11 L:D cycle.
Leaf Collection and Quantification of Herbivory. Leaves used in experiments were collected from growing soybean plants at the ERC. In all cases, newly emerged undamaged leaves at the top of the plant were selected. Collections included the entire petiole as well as a section of stem extending down to the next node. Leaves were brought to the laboratory and copied using a plain paper copier. Later we used those photocopies to determine the total area of the leaves to the nearest 0.1 mm 2 using an area grid. After photocopying, the stem was placed in a vial with 2Ð 4 cm of soaked soil and kept moist for the duration of the experiment. It was not possible to remeasure the area of the leaves in the same manner at the end of the experiment because the leaf margins dried and became fragile during the course of the experiment. Instead, we quantiÞed leaf dry mass by drying the leaves in an oven at 60ЊC for 48 h and weighing them on an analytical balance accurate to 0.01 mg.
Standard curves were generated to convert the area measured before experimentation to dry leaf biomass so that we could determine any changes in leaf size caused by growth or herbivory during the course of the experiment. Because experiments with web spiders and wolf spiders were conducted in different years, separate standard curves were generated for the two experiments; each used leaves collected at the same time as the experimental leaves. For web spider experiments, 30 leaves were collected from 30 different plants on 10 August 1998. One leaßet from each leaf was selected randomly and copied on a plain paper copier. These images were later used to determine the area to the nearest 0.1 mm 2 using an area grid. These leaßets were then dried in an oven at 60ЊC for 48 h and weighed. We regressed area on weight using Statview (V 5.1) to generate an equation that would convert the leaf area to dry weight. The difference between the weight of the leaves before and after experiments was used to quantify the effects of spiders and/or their cues on growth (increase in weight) or herbivory (loss in weight). The standard curve for the wolf spider experiment was generated in the same manner using 60 leaßets collected on 20 August 2000.
Web Spider Effects on Herbivory. A total of 45 immature spiders, 20 Ð 40 mg in size, of each species (Ach. tepidariorum and Arg. trifasciata) were collected in late July 1998 and maintained in the laboratory for 7Ð10 d. On 9 August 1998, they were fed to satiation on ßies and crickets and starved for 24 h. They were introduced into a new container with one soybean leaf (a trifoliate of three leaßets). Spiders were allowed 24 h to acclimate and spin a web before an adult beetle was added (n ϭ 15 for each spider and beetle combination). The remaining 15 spiders of each species were left in their containers as controls. As an additional control, leaves were placed in 30 additional containers, but no spider was added. These containers were left for 24 h as the spiders acclimated in other treatments, and then adult beetles were added (n ϭ 15 for each beetle species). After 24 h, we recorded any mortality of spiders and beetles. Any obvious webbing was removed from the leaßets before they were dried at 60ЊC for 48 h and weighed to the nearest 0.01 mg. The weight of the leaf after the experiment was subtracted from the weight before exposure to beetles as calculated from the area determinations using the standard curve generated from leaves collected at the same time as those collected for this experiment (see Eq. 1 below). The data from containers in which the beetle was killed were excluded because we were interested in the nonlethal effects of the spiders. Herbivory was compared in a two-way analysis of variance (ANOVA) using spider and beetle species as factors.
Wolf Spider Cue Effects on Herbivory. In August 2000, we tested the effects of chemotactile cues left by each of the three wolf spider species on herbivory by Japanese beetles. Twenty penultimate or mature females of each wolf spider species were fed to satiation on crickets on 19 August 2000. Twenty-four hours later, they were introduced into a 11-cm cylindrical translucent container with a single soybean leaßet. An additional 20 containers were set up as controls with a soybean leaßet but no spider. After 24 h, the spiders were removed from all containers and a single Japanese beetle added. The beetles were allowed to forage for 24 h. The beetles were then removed, and the leaves were dried in an oven at 60ЊC for 48 h and weighed to the nearest 0.01 mg. The consumption of the beetle (or any growth of the leaves) was determined by subtracting the dry weight at the end of the experiment from the dry weight before as calculated from the area measurements taken before the experiment using Eq. 2. These values were compared in a one-way ANOVA with spider species as the factor. Web Spider Effects on Herbivory. All the web spiders of both species lived through the experiment. All the beetles enclosed with Arg. trifasciata and those in controls survived through the experiment. Ach. tepidariorum killed a total of four Japanese beetles and three Mexican bean beetles during the experiments. Data from those containers were excluded from further analysis of herbivory effects to quantify the nonlethal effects of the spiders on the beetle consumption. The change in leaßet biomass was affected by both spider and beetle species (spider: F 2 ϭ 157.9, P ϭ 0.0001; beetle: F 2 ϭ 2.8, P ϭ 0.066; Fig. 1) . In all cases, herbivory was signiÞcantly less when spiders were included in the container (Fig. 1) . The presence of Arg. trifasciata reduced herbivory by both beetle species. In fact, the leaf loss was indistinguishable from controls with no beetle present (Fig. 1) . When Ach. tepidariorum was present, leaßets experienced more damage than with Arg. trifasciata (Fig. 1) . However, herbivory levels in the presence of Ach. tepidariorum were substantially less than controls with no spider present (Fig. 1) .
Results

Conversion of Leaf
Wolf Spider Effects on Herbivory. Most of the leaflets gained biomass during the course of this experi- Fig. 1 . The change in biomass (dry weight before Ϫ dry weight after) that occurred when Japanese beetles or Mexican bean beetles were allowed to forage on soybean leaves housed with either the tangle weaver, Ach. tepidariorum, or the orb-weaver, Arg. trifasciata. Bars indicated with different letters are signiÞcantly different by Fisher PSLD (P Ͻ 0.05).
ment. This result suggests that the leaves were growing faster than the rate of beetle consumption. All the wolf spiders and Japanese beetles lived through the experiment. The cues left by all three species of wolf spiders signiÞcantly reduced the effect of Japanese beetles on leaßet mass (Fig. 2) . The change in leaßet biomass during the course of this experiment was affected by spider species (F 3 ϭ 20.5, P Ͻ 0.0001; Fig.  2 ). Japanese beetles had the least effect on the biomass of leaßets containing cues from the largest wolf spider, H. helluo (Fig. 2) . The biomass change of leaßets exposed to cues from the smallest wolf spider, P. milvina, were closest to controls with no spider cues (Fig. 2) . The biomass change of leaßets in exposed to R. rabidosa was intermediate between treatments with the other two wolf spider species (Fig. 2) .
Discussion
The nonlethal indirect effects of spiders on plant biomass were pervasive in this laboratory study. All Þve of the spider species, even those that were not able to capture and consume the beetle herbivores, had a positive effect on the plant biomass. These results demonstrate that the potential impact of spiders may be underestimated in food web studies that only consider predation rate. In our tests with web spiders, the herbivores had access to visual, vibratory, and chemical information from the spider and its web, and as such, it is difÞcult to know what kind of information might be sufÞcient for them to reduce their foraging activity. However, the wolf spiders were removed before the herbivore was introduced, so the reduction in foraging by the beetles had to be in response to chemical or tactile cues left by the spiders (presumably silk draglines and/or feces). In addition, the response of the beetles varied directly with the size of the spider, presumably a measure of its relative risk as a predator, which suggests that the beetles can interpret these cues with some precision.
Of the two web spiders studied, only the tangle weaver, Ach. tepidariorum, killed either of the beetle species in the course of the experiment. Ironically, those beetles that survived with Ach. tepidariorum consumed more of the leaf than the beetles that were housed with the orb weaver, Arg. trifasciata. Thus, it seems that the presence of Ach. tepidariorum elicited less antipredator behavior, which led to more foraging activity by the beetles and perhaps a greater vulnerability to predation. Although both web spiders have been reported from agroecosystems, Arg. trifasciata and its congeners are much more common in agroecosystems and gardens where these herbivores forage. As a result of this more consistent overlap in habitat, there may have been stronger selection on the beetles to recognize and respond to Arg. trifasciata. However, the difference in capture we observed may simply be caused by the differences in foraging styles of the two spider species. The tangle web of Ach. tepidariorum is suited to the capture of crawling and walking arthropods, which is what the beetles had to do to forage on the leaves in our experiment (Turnbull 1973) . Whereas the planar orb web of Arg. trifasciata is designed to Þll open spaces where they capture insects in ßight (Robinson and Robinson 1970, Turnbull 1973 ), which was not really possible for the beetles to do in our experimental containers.
The effect of the wolf spider cues on herbivory by Japanese beetles varied directly with the size of the spider species. This result suggests that the beetles were able to glean some information about different species of spider from the cues they left. All spiders produce silk and many species of spider use silk in prey capture. Because spiders are ubiquitous insect predators some sort of generalized response to silk on the part of potential prey species may be adaptive. Because it is likely that larger spiders deposit more silk and/or cover a larger area with their cues, we may just be observing a graded response to the amount of silk (or other cues) and not really any true discrimination among the species present. However, previous studies have revealed that the wolf spider, P. milvina, can detect the diet and relative size of the larger wolf spider H. helluo with cues of the same nature present in this study . Because Japanese beetles have excellent chemosensory systems (Fleming 1972, Potter and Held 2002) , they too may be able to identify the speciÞc nature of their spider predators from these cues.
In previous studies the potential to exert a top down effect through indirect channels has been documented for both H. helluo and R. rabida , Schmitz and Suttle 2000 , Snyder and Wise 2000 , Schmitz and Sokol-Hessner 2002 . With chelicerae glued shut, R. rabida have a positive effect on plant biomass by causing diet shifts and inhibiting herbivory by grasshoppers , Schmitz and Settle 2001 , Schmitz and Sokol-Hessner 2002 . In those examples, the grasshoppers had access to visual and vibratory cues as well as the chemotactile cues that were important in this study. In other studies, H. helluo and R. rabida affected the foraging of spotted Fig. 2 . The change in biomass (dry weight before Ϫ dry weight after) that occurred when Japanese beetles were allowed to forage on soybean leaves that had been previously housed with a wolf spider (line is drawn to indicate no change in biomass). Bars indicated with different letters are signiÞcantly different by Fisher PSLD (P Ͻ 0.05).
cucumber beetles even when separated from them by a screen that allowed only visual, vibratory, and volatile chemical cues to pass into the chamber with the herbivore and plant Wise 2000, Williams et al. 2001) . In our wolf spider study, the beetles had access only to cues left by the spiders as it moved through the environment. These cues could be structural such as small changes in the relief of the leaf surface because of the presence of silk strands. Alternatively the cues could be chemical, i.e., the insects could be reacting to pheromones or feces. The only types of cue present in all of the wolf spider studies in which herbivores were inhibited by predators were volatile chemical cues. Obviously the different species of insects could be using different cues and each of them could be using all cues available to them to detect a potential predator; however, these results suggest that more information regarding the nature and action of such air borne information is necessary.
Evidence for the pervasive indirect effects of spiders on plant production underscores their importance in the food web and their potential role in biological control programs. Here, the mere presence of a spider and/or its cues, even a member of a species that could not consume major pest species, reduced plant damage. This result suggests that the role of spiders in producing trophic cascades may have been underestimated and provides a mechanism for how they can have strong effects even when direct predation of pest species is limited. Furthermore, if the exact nature of the cues that herbivores use to identify spider predators can be characterized, they could become a factor in pest control programs.
